The CaF 2 nano-structures grown by thermal vapor deposition are presented. Significant responsivity improvement (>200%) of mid-infrared PbSe detectors incorporating a 200 nm nano-structured CaF 2 coating was observed. The detector provides a detectivity of 4.2 Â 10 10 cm Á Hz 1/2 /W at 3.8 lm, which outperforms all the reported un-cooled PbSe detectors. Structural investigations show that the coating is constructed by tapered-shape nanostructures, which creates a gradient refractive-index profile. Analogy to moth-eye antireflective mechanism, the gradient refractive-index nanostructures play the major roles for this antireflection effect. Some other possible mechanisms that help enhance the device performance are also discussed in the work. Fresnel reflection due to refractive index mismatch at the interface of dielectric media can significantly deteriorate the performance of many optoelectronic applications, including sensor systems, solid-sate lighting, and energy conversion processes in solar cells. The accelerating demand of such optoelectronic devices extensively stimulates the need in optical engineering research to realize antireflective coatings that maximize light collection efficiency. Conventionally, thin-film antireflective coatings exhibit suppressed reflectivity based on their light destructive interference principle.
The CaF 2 nano-structures grown by thermal vapor deposition are presented. Significant responsivity improvement (>200%) of mid-infrared PbSe detectors incorporating a 200 nm nano-structured CaF 2 coating was observed. The detector provides a detectivity of 4.2 Â 10 10 cm Á Hz 1/2 /W at 3.8 lm, which outperforms all the reported un-cooled PbSe detectors. Structural investigations show that the coating is constructed by tapered-shape nanostructures, which creates a gradient refractive-index profile. Analogy to moth-eye antireflective mechanism, the gradient refractive-index nanostructures play the major roles for this antireflection effect. Some other possible mechanisms that help enhance the device performance are also discussed in the work. Fresnel reflection due to refractive index mismatch at the interface of dielectric media can significantly deteriorate the performance of many optoelectronic applications, including sensor systems, solid-sate lighting, and energy conversion processes in solar cells. The accelerating demand of such optoelectronic devices extensively stimulates the need in optical engineering research to realize antireflective coatings that maximize light collection efficiency. 1 Conventionally, thin-film antireflective coatings exhibit suppressed reflectivity based on their light destructive interference principle. 2 However, this technique can only work in a limited wavelength range at narrow incidence angles. In addition, due to the refractive index restriction in these antireflective coatings, the availability of suitable coating materials is also very limited.
Originally inspired by the excellent antireflective capability of moth eyes in nature, 3, 4 the studies on biomimetic sub-wavelength nanostructured antireflective coatings have been developing quickly. 5 The basic idea is that the nanostructured coating-materials are capable of creating a gradient refractive index profile due to their tapered morphology, and consequently forms their unique broad wavelength antireflection property. In recent years, various nanofabrication techniques [6] [7] [8] [9] [10] [11] and new antireflective materials [12] [13] [14] [15] [16] have emerged rapidly. Nevertheless, reported works to develop subwavelength nanostructured antireflective coatings mainly focus on the antireflective enhancement in the visible and near-IR wavelength ranges. 14, 17, 23 Similar efforts made in the mid-infrared range are quite few. Lack of a suitable nanostructured coating materials, which have sufficient low light absorption in this wavelength range, could be one of the major reasons. Therefore, in this work, we report on the antireflective coating using calcium fluoride (CaF 2 ) nano-arrays grown by thermal vapor deposition method under near-room temperature growth conditions. CaF 2 is well known as a window material covering a broad spectrum range from mid-infrared to ultraviolet radiation since it is optically transparent from 0.13 lm to 12 lm. [18] [19] [20] This broadband high transmission property is an important advantage in developing antireflective coatings. On the other hand, CaF 2 has very good insulating properties, which makes this material a promising candidate for surface protection and passivation in microelectronics and optoelectronics. 21, 22 Therefore, developing a reliable technique to fabricate CaF 2 sub-wavelength nanostructured antireflective coatings could be able to elevate the performance of various optoelectronic devices in mid-infrared wavelength range. In this report, we used room-temperature photoconductive PbSe detectors as an active platform to demonstrate the unique antireflective capabilities of the CaF 2 nanostructured coatings in the mid-IR range.
Figures 1(a) and 1(b) present the top and cross-sectional images of 100 nm thick CaF 2 nanostructure arrays characterized by a Zeiss Neon-40 EsB high resolution field-emission scanning electron microscope (FESEM). The CaF 2 film was prepared by physical vapor deposition method using a customized thermal evaporation equipment. During the deposition, the background vacuum pressure was kept below 5 Â 10 À7 Pa while the substrate was spinning at 20 rpm speed to ensure film uniformity. The CaF 2 source heating temperature was controlled at 1350 C to ensure a stable growth rate. Last but not least, in order to protect the mid-infrared detectors from damaging in a high temperature ambient, the substrate growth temperature was kept at 80 C. This low temperature constrains the lateral movement of the deposited CaF 2 molecules on the sample surface, which ensures the nanostructures growth and also suppress the large polycrystalline congregations. The images in Figure 1 clearly reveal that the tip of the rods is faceted, and the nanostructure has a roof-tilted shape, which implies the single crystalline nature of the CaF 2 .
In addition to the SEM information, the crystalline property is further verified by high resolution transmission electron It is well known that CaF 2 is a cubic structure having the lowest surface energy planes at {111}. 24 Since the mobility of deposited atoms is fastest on the planes with the lowest surface energy, deposited atoms will spread primarily on these planes to dominate the growth. Therefore, the faceted surface on the tip of each CaF 2 nanostructure should be dominated by a (111) crystallographic face as represented in Figure 1 (e). It is well known that nanostructured coating-materials with tapered shapes are capable of creating a gradient refractive index profile, and consequently achieve antireflection in a broad-wavelength range. Therefore, it is also possible that the CaF 2 nanostructures as described above could possess this unique light-reflection property. For the purpose of exhibiting the antireflective properties of the CaF 2 nano-arrays in the mid-IR region, we used mid-infrared room temperature operated PbSe detectors as a simple but effective platform. The PbSe detectors were prepared using a chemical bath deposition method. The aqueous precursor was prepared by dissolving sodium hydroxide, lead acetate and selenosulfate with a concentration ratio of 12:1:1. The glass substrates were transferred into the precursor at 70 C for 1.5 h. More details can be found by referring to our previous report. 25 To fabricate the PbSe detectors, 200 nm thick gold thin films were deposited by thermal evaporation over two sides of the 4 Â 2 mm 2 post iodinesenisitized PbSe material with a 2 Â 2 mm 2 active area. nanostructures arrays coating from top and cross-sectional SEM views. As Figures 2(a) and 2(e) demonstrate, the average size of the PbSe mono-crystalline domain is around $500 nm, and the surface roughness is also at this sub-micron level. With a 200 nm thick CaF 2 nanostructures coating layer whose single-piece dimension is around 20 nm, each PbSe mono-crystalline domain generates a flowerlike nano-structured layer on its top surface, as shown in Figure 2(b) . Although the PbSe crystal size varies, the overall structure demonstrated in Figure 2(c) is quite similar to the moth-eye structure whose antireflection performance is extremely outstanding in nature. In order to highlight the photo-response enhancement by using CaF 2 nano-coatings, conventional PbSe photoconductive detectors were fabricated without the CaF 2 coating as a comparison. Figure 3(a) shows the spectral responsivities for a pristine PbSe detector and the CaF 2 coated detector under the same measurement conditions by using the Bruker IFS 66/S FTIR spectrometer. From the figure, it can be observed that there are distinct spectral responses. In the photosensitive spectral range from 2.0 lm up to 5.0 lm, the spectral responsivity of the detector is significantly increased by over 200% in each wavelength in this range by introducing a CaF 2 nanostructures coating layer. To take device noises into consideration, the specific detectivities (D * ) of the photodetectors are presented in Table I by using the definition as shown below
where R is the detector responsivity, V s and V n are the measured detector output signal and noise voltages, A is the device detection area, Df is the noise bandwidth, and P i is the incident radiant power. For these detectivities measurement, a Thorlabs mechanical chopper was used to modulate a collimated 500 K blackbody from Infrared System Development Corp. in order to provide a frequency-modulated heat source, and the detectors were biased at 100 V using an Agilent E3612A voltage source with a load resistor matched to the sensor resistance. Both signal and noise voltages were collected by a Stanford Research System SR830 lock-in amplifier after a self-made preamplifier. Under 750 Hz chopping frequency modulation, the detector with the CaF 2 coating provides a peak detectivity of 4.2 Â 10 10 cm Á Hz 1/2 /W at 3.8 lm at room temperature, which outperformed all the existing un-cooled mid-infrared PbSe detectors. Note that except for the difference in the final CaF 2 coating step, the two detectors were fabricated using the same process flow in the same run, and the CaF 2 deposition was carried out by maintaining the growth temperature at 80 C to ensure no change in the properties of the PbSe detector itself. In other words, the light detection improvement of the detectors is due to the CaF 2 nano-structures coating.
To investigate the functionalities of the CaF 2 coating layer, the total reflection spectra and photoluminescence (PL) with a Nd:YAG pulse pumping laser were both measured by the Bruker IFS 66/S FTIR spectrometer. The results are as shown in Figures 3(b) and 3(c) .
In Figure 3(b) , it is clear that the CaF 2 nano-structured coating layer reduces the reflection over a wide range of wavelengths in the mid-infrared PbSe photosensitive region effectively. Compared with the pristine detector, the reflectance of the detector with CaF 2 nano-structured coating is decreased from 21% to 12% at 3.8 lm, which is the peak response position as shown in Figure 3(a) . Since the 200 nm coating thickness is far less than quarter-wave film thickness $670 nm (k/4n CaF2 ), the thin film destructive interference mechanism is not applicable to explain these light coupling phenomenon between PbSe films and the ambient air. As mentioned, the CaF 2 nano-arrays coated on the PbSe polycrystalline structure is similar to the moth-eye structure found in nature. Based on the moth-eye's antireflective mechanism, primarily due to the tapered shape of the CaF 2 nano-structure tips, the filling factor (the area of CaF 2 to the total surface area) of the CaF 2 nano-arrays increases with the depth approaching the CaF 2 /PbSe interface, which eventually leads to a better effective refractive index transition from the surface of the PbSe detector to the ambient air. Since the CaF 2 nano-structured coating layer has a gradient refractive index profile, and its nano-structure dimension is greatly below the wavelength of incident light, 1 the incident light rays tend to bend progressively giving rise to the broadband antireflection performance, as demonstrated by Figure 2(d) .
The pulsed laser pumped PL spectra emitted from the PbSe films of the pristine detector and the CaF 2 coated detector is shown in Figure 3 (c). The peak emitting position is at around 4.0 lm for both detectors. And the peak intensity of the PL emission collected from the detector sample with the CaF 2 coating is $2 times greater than the one collected from the pristine uncoated detector. Since the only difference between these two detectors is with and without the CaF 2 coating, this nano-structured coating layer must have played a vital role in helping light couplings between the PbSe film and the ambient air.
Although the coating layer helps reduce the reflection by $50%, the total light transmission improvement is only $9% with the coating. Both the detectivity and PL intensity enhancement are much higher than the transmission improvement. Consequently, the CaF 2 nano-structured coating must have played other roles for such significant enhancement of detectivity and PL intensity. First, the CaF 2 coating could have served as a surface passivation layer, which can effectively prolong the photon generated carrier lifetime, as reported in our previous work. 22 But we did not observe any change in dark current after the CaF 2 coating. Second, the CaF 2 nano-structures could increase incident light lateral scattering and prolong the photon travelling path. Third, due to the surface morphology of the polycrystalline PbSe, the CaF 2 coating grown on top formed curved surfaces as shown in Figure 2 (c), which could focus the incident light similar as the convex optical lens does. These and perhaps other possible mechanisms that are responsible for enhancement of detectivity and PL intensity require further investigation in future.
In summary, we proposed a thin nano-structured CaF 2 antireflective coating by using a thermal vapor deposition method. To evaluate its functionalities, we used mid-IR room-temperature operating PbSe detectors as a test bed. The detector with the nano-structured CaF 2 coating exhibited broadband responsivity enhancement of over 200% compared to the uncoated detector, leading to a room temperature peak detectivity of 4.2 Â 10 10 cm Á Hz 1/2 /W at 3.8 lm. This promising result of device performance improvement also provides strong motivation to use such nano-structured CaF 2 coating for other opto-electronic devices development.
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